ABSTRACT: Phosphonates constitute a class of natural products that mimic the properties of the more common organophosphate ester metabolite yet are not readily degraded owing to the direct linkage of the phosphorus atom to the carbon atom. Phosphonate hydrolases have evolved to allow bacteria to utilize environmental phosphonates as a source of carbon and phosphorus. The work reported in this paper examines one such enzyme, phosphonoacetate hydrolase. By using a bioinformatic approach, we circumscribed the biological range of phosphonoacetate hydrolase to a select group of bacterial species from different classes of Proteobacteria. In addition, using gene context, we identified a novel 2-aminoethylphosphonate degradation pathway in which phosphonoacetate hydrolase is a participant. The X-ray structure of phosphonoformate-bound phosphonoacetate hydrolase was determined to reveal that this enzyme is most closely related to nucleotide pyrophosphatase/diesterase, a promiscuous two-zinc ion metalloenzyme of the alkaline phosphatase enzyme superfamily. The X-ray structure and metal ion specificity tests showed that phosphonoacetate hydrolase is also a two-zinc ion metalloenzyme. By using site-directed mutagenesis and 32 P-labeling strategies, the catalytic nucleophile was shown to be Thr64. A structure-guided, site-directed mutation-based inquiry of the catalytic contributions of active site residues identified Lys126 and Lys128 as the most likely candidates for stabilization of the aci-carboxylate dianion leaving group. A catalytic mechanism is proposed which combines Lys12/Lys128 leaving group stabilization with zinc ion activation of the Thr64 nucleophile and the substrate phosphoryl group.
PAld undergoes hydrolytic cleavage at phosphorus thus liberating inorganic phosphate and acetaldehyde. The enzyme catalyst for this reaction, phosphonatase, combines covalent electrophilic 
Scheme 2. The Mechanism for Phosphonatase Catalyzed Hydrolysis of PAld
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Biochemistry ARTICLE catalysis (viz. Schiff base formation with the PAld carbonyl group), and nucleophilic catalysis (viz. formation of an aspartylphosphate intermediate) to mediate the transfer of the phosphoryl group to a water molecule 16À18 (Scheme 2). Phosphonatase is a member of the haloalkonic acid dehalogenase (HAD) enzyme superfamily, which is comprised primarily of phosphohydrolases that catalyze the hydrolysis of phosphate monoesters and anhydrides via an aspartylphosphate intermediate. 19 By virtue of its ability to catalyze the hydrolytic cleavage of the PAld P-C bond, phosphonatase adds a novel chemical function to the HAD superfamily.
The work that we report in this paper examines the chemical specialization of the PÀC bond cleaving enzyme phosphonoacetate hydrolase (PAc hydrolase), 20, 21 which is a member of the alkaline phosphatase enzyme superfamily. 22 PAc hydrolase was first discovered in a bacterial isolate (Pseudomonas fluorescens 23F) from sludge produced by a laundry waste treatment plant located near Dunmurry, Northern Ireland. 23, 24 At the time, it seemed that PAc hydrolase might have evolved to convert commercial PAc, introduced to the environment through waste disposal, to usable forms of carbon (acetate/glyoxylate cycle) and phosphorus (orthophosphate). However, later studies revealed the presence of the PAc hydrolase gene in bacterial isolates from remote and environmentally diverse geographical sites, which suggested that PAc might be synthesized in specialized bacteria. 25, 26 Functional analysis of the genes neighboring the P. fluorescens 23F PAc hydrolase gene did not, however, identify protein products that might produce PAc. 27 Nonetheless, with the recent explosion of sequenced bacterial genomes, we succeeded in locating orthologs of the P. fluorescens 23F PAc gene (by bioinformatic analysis) to gene clusters (in several species of Proteobacteria), which appear to support a novel three-step chemical pathway for AEP degradation (Scheme 1). This pathway shares with the phosphonatasecentered pathway the transamination of AEP to form PAld 28 but deviates with the oxidation of the PAld to form phosphonoacetate (PAc) (Scheme 1). The hydrolytic cleavage of the PÀC bond in PAc forms acetate and orthophosphate as the pathway end products rather than the acetaldehyde and orthophosphate produced by the hydrolytic cleavage of PAld.
In the text below, we examine the biological range and biochemical function of PAc hydrolase. Moreover, we report the results from an in depth structureÀfunction analysis, which show that PAc hydrolase combines the catalytic strategies of the phosphohydrolases of the alkaline phosphatase superfamily, with a unique mechanism of substrate leaving group stabilization, to create a novel chemical function that supports a newly discovered AEP degradation pathway.
' MATERIALS AND METHODS Materials. All biological buffers, enzymes, and chemicals used in the enzyme assays were purchased from Sigma. The [γ-32 P]ATP was purchased from Amersham. All substrates and inhibitors were purchased from Sigma with the exception on phosphonopyruvate and phosphonoacetaldehyde, which were synthesized according to published procedure (vide infra).
Preparation of Wild-Type and Mutant PAc Hydrolase. The P. fluorescens 23F PAc hydrolase gene 29 was subcloned into pKK223-3 (Pharmacia) using a PCR-based approach. Transformed Escherichia coli JM105 cells were grown in LB media at 37°C for 16 h (OD 600 = 1). Following the addition of IPTG (1 mM), the cells were incubated until the culture OD 600 reached 1.8 (<6 h), and then they were harvested by centrifugation (18000g) (yield of 5 g/L). Forty grams of wet cells were suspended in 400 mL of ice-cold Buffer A (30 mM K þ BICINE and 1 mM ZnCl 2 ; pH 8.5) and then passed through a French press at 1000 psi. The lysate was clarified by centrifugation (18000g for 30 min) at 4°C prior to adding ammonium sulfate to 25% saturation. The resulting precipitate was removed by centrifugation before adding additional ammonium sulfate to 55%. The precipitated protein was harvested and then dissolved in 200 mL of Buffer A and dialyzed overnight at 4°C against 2 L of Buffer A. The protein solution was chromatographed at 4°C on a 5 Â 45 cm DEAE-cellulose column pre-equilibrated with Buffer A. The column was eluted with 100 mL of Buffer A followed by a 2 L linear gradient of KCl (0À0.5 M) in Buffer A. The PAc hydrolase containing fractions (eluting at 0.25 KCl) were identified using a spectrophotometric activity assay (vide infra) and/or SDSÀPAGE analysis. The desired fractions were pooled, combined with ammonium sulfate (20% saturation), and then loaded onto a 2.5 Â 30 cm Phenyl Sepharose column pre-equilibrated with Buffer A/ammonium sulfate (20% saturation). The column was eluted with a 2 L linear gradient 10À0% ammonium sulfate in Buffer A. The PAc hydrolase containing fractions (eluted at ca. 0% ammonium sulfate) were pooled and then concentrated using an Amicon ultrafiltration apparatus to a concentration of ∼20 mg/mL. The concentrated enzyme was dialyzed against Buffer A overnight at 4°C and then loaded onto a 2 cm Â 20 cm hydroxylapatite column pre-equilibrated with Buffer A. The column was washed with 10 mL of Buffer A, followed by 400 mL linear gradient 0À0.1 M phosphate in Buffer A. The desired fractions (eluted at ca. 0.02 M phosphate) were pooled and concentrated with an Amicon until the enzyme concentration reached ∼30 mg/mL. The concentrated enzyme solution (1 mL) was then chromatographed at 4°C on a 1.5 Â 180 cm Sephracryl S-200 column using Buffer A as eluant. The desired fractions were combined, concentrated to ∼20 mg/mL, and passed through a 0.2 μm syringe filter before storing at 4°C. The site-directed mutant genes were prepared from the wild-type gene by PCR using commercial primers and pfu polymerase (Stratagene). The purified DNA was ligated to the linearized pKK223-3 plasmid using T4 DNA ligase. The ligation product was used to transform competent E. coli JM105 cells. A positive clone isolated from the LB agar plate (100 μg/mL ampicillin) was verified by DNA sequencing. The mutant enzymes were prepared as described for wild-type PAc hydrolase.
PAc Hydrolase MW Determination. The N-terminal sequence was determined by automated peptide sequencing as TQLISVNSR-SYRLS, thus showing that the N-terminal Met was removed by posttranslational modification. The theoretical subunit mass of the recombinant hydrolase was calculated using the EXPASY Compute pI/MW program. The size of native hydrolase was determined by Sephacryl S-200 column chromatography using protein molecular weight standards to create a plot of log MW vs elution volume.
Spectrophotometric Activity Assays. For all assays, control reactions in which the PAc hydrolase was omitted were carried out. PAc hydrolysis. These reactions were monitored at 25 or 30°C by measuring the oxidation of β-NADH at 340 nm (ε = 6.22 mM À1 cm À1 ) in 1 mL assay solutions initially containing PAc hydrolase, PAc, 10 u acetate kinase, 10 u pyruvate kinase, 10 u lactate dehydrogenase, 5 mM ZnCl 2 , 10 mM MgCl 2 , 1 mM PEP, 1 mM ATP, and 0.5 mM β-NADH in 50 mM K þ ADA pH 7.0. PAld hydrolysis. This reaction was monitored at 25°C by measuring the oxidation of β-NADH at 340 nm (ε = 6.22 mM À1 cm À1 ) in a 1 mL assay solutions initially containing þ BICINE (pH 8.0) were incubated at 25°C for a specified period and then assayed for acetate (using 10 μ/mL acetate kinase, 10 μ/mL pyruvate kinase, 10 μ/mL lactate dehydrogenase, 5 mM ZnCl 2 , 10 mM MgCl 2 , 1 mM PEP, 1 mM ATP, and 0.5 mM β-NADH).
Steady-State Kinetic Constant Determinations. The K m and k cat values were determined from initial velocity data measured as a function of substrate concentration (0.5À10K m ). The initial velocity data were fitted to eq 1. The k cat value was calculated by dividing the V m value by the concentration of PAc hydrolase determined using the Bradford assay kit (Sigma).
where v is initial velocity, V m is the maximum velocity, [S] is the substrate concentration, and K m is the Michaelis constant. The inhibition constant (K i ) values were determined from the initial velocity data measured as a function of substrate concentration (0.5 À 10K m ) and inhibitor concentration ([I] at 0, 1K i , 2K i ). Data were fitted to eq 2 for competitive inhibition.
pH Rate Profile Analysis. The V m and V m /K m values were determined from initial velocity data measured as a function of substrate concentration (0.5 À 10K m ) at solution pH values that ranged from 6.0 to 9.0. The reaction solutions were buffered using 50 mM ADA or 50 mM BICINE. The V m /K m values were fitted to eq 3 to define the apparent ionization constants K 1 and K 2 and the V m values were fitted to eq 4.
where Y is the V m /K m or V m value, c is the pH-independent value of Y, and [H] is the hydrogen ion concentration. For the control reaction, the perchloric acid was added to the enzyme followed by the addition of the [γ 32 P]ATP. The quenched samples were centrifuged at 10000g for 10 min at 4°C using a microcentrifuge. Each sample was washed with 50 μL of 0.5 M K þ MES (pH 6.0) twice without disturbing the protein pellet. The protein pellet was dissolved in 25 μL of SDS loading buffer and chromatographed on a SDSÀPAGE gel. The gel was washed four times with a 250 mL washing solution (1:2 glacial acetic acid/ethanol), then placed on the filter paper and covered with a gel drying cellulose membrane. The dried gel was placed on the X-ray film (Kodak) with intensifier (Dupont) and stored at À80°C for 14 h. The film was developed and the SDSÀPAGE gel was then stained with Coomassie blue. The labeling reaction was also carried out with the T64A PAc hydrolase mutant and with the wild-type enzyme inhibited with 2 mM phosphonoformate.
PAc Hydrolase Crystallization and Structure Determination. Crystals of phosphonoacetate hydrolase in Buffer A were grown from a solution containing 10% poly(ethylene glycol) 8000, 100 mM Mg-acetate, and 5 mM phosphonoformate buffered at pH 7.0 with 100 mM MOPSO. Batch setups with macroseeding produced crystals in approximately two weeks with typical dimensions of 0.5 Â 0.4 Â 0.2 mm. The crystals belonged to the space group P2 1 with unit cell dimensions of a = 57.5 Å, b = 129.5 Å, and c = 133.4 Å, β = 96.9°. There were four molecules in the asymmetric unit corresponding to a crystalline solvent content of 56%. X-ray data from a single native crystal were collected to 2.8 Å resolution at 4°C with a Bruker HiStar area detector system. The X-ray source was nickel-filtered CuKR radiation from a Rigaku RU200 X-ray generator operated at 50 kV and 90 mA and equipped with a 300 μm focal cup. The X-ray data were processed with the software package SAINT (Bruker AXS, Inc.) and internally scaled with XCALIBRE. 31 The structure of phosphonoacetate hydrolase was solved by multiple isomorphous replacement with two heavy-atom derivatives: trimethyllead acetate and potassium hexachloroplatinate(II). The heavy atom derivative data sets, including Friedel pairs, were collected and processed to 2.8 Å resolution in a similar manner as described for the native X-ray data. The locations of the heavy atom binding positions were determined by inspection of difference Patterson maps calculated to 5.0 Å resolution and placed on a common origin by appropriate difference Fourier maps. Initial phases were subsequently calculated with the program SOLVE 32 and improved by solvent flattening with DM. 33 The relationships between the four subunits in the asymmetric unit were determined with the program MUNCHKINS. 34 Four-fold averaging with the program DM was subsequently utilized and produced a readily interpretable electron density map. After the model for phosphonoacetate hydrolase was constructed, crystals belonging to the monoclinic space group P2 1 were grown from 8% poly(ethylene) glycol 8000, 100 mM MgCl 2 , 250 mM tartrate, and 7 mM phosphonoformate buffered at pH 7.0 with 100 mM MOPSO. These crystals displayed unit cell dimensions of a = 57.8 Å, b = 129.3 Å, and c = 133.5 Å and diffracted to a nominal resolution of 2.1 Å. Again, a native X-ray data set was collected in a manner similar to that previously described for the orthorhombic crystal form. The structure was solved via molecular replacement with the software package, AMORE. 35 The model was improved with alternating cycles of leastsquares refinement with the program TNT 36 and manual inspection with the modeling package, Turbo. 37 Relevant X-ray data collection and least-squares refinement statistics are presented in Table 1 .
' RESULTS AND DISCUSSION
PAc hydrolase is a member of the alkaline phosphatase enzyme superfamily. 22 This functionally diverse superfamily is comprised of phosphohydrolases, phosphotransferases, phosphomutases, and sulfatases. 38À43 The family members share an R/β/R core domain and the use of metal ion catalysis and nucleophilic catalysis. PAc hydrolase is most closely related to family members nucleotide pyrophosphatase/phosphodiesterase (NPP) and alkaline phosphatase (AP). It is with these two members that PAc hydrolase will be compared in the text that follows.
X-ray Structure of the PAc HydrolaseÀPhosphono-formate Complex. Quaternary and Tertiary Structure. Recombinant P. fluorescens 23F PAc hydrolase was crystallized at neutral pH in the presence of Zn 2þ , Mg 2þ , phosphonoformate, and tartrate. The crystals belonged to the space group P2 1 with unit cell dimensions of a = 57.5 Å, b = 129.5 Å, and c = 133.4 Å, β = 96.9°. The structure was solved, by multiple isomorphous replacement, at 2.1 Å resolution. The X-ray data collection and refinement statistics are listed in Table 1 . Four subunits are observed in the asymmetric unit ( Figure 1A ). Two zinc ions are bound to each subunit. Three of the subunits are each bound with a phosphonoformate ligand and the fourth with a tartrate ligand. The theoretical monomer mass (-Met) is 44 239 Da and the mass of the native enzyme determined by gel filtration chromatography is ∼93 kDa. Therefore, the predominant form of PAc hydrolase in solution is the homodimer. Inspection of the subunitÀsubunit contacts in the crystal structure suggests that residues Arg253, Asp249, Ile251, Thr248, Leu346, Pro346, Arg345, Ala209, Pro210, Glu28, Lys375, Glu30, Gln34, Asn33, Gln37, Ile36, Val53, and Thr48 form the dimerization surfaces ( Figure 1B) .
The PAc hydrolase monomer is comprised of a large R/β/R core domain (residues 1À245 and 367À388; six-stranded mixed β-sheet) and a smaller R/β cap domain (residues 255À360; 4-stranded antiparallel β-sheet) (Figure 2A ). The phosphonoformate ligand and two zinc ions are bound at the core domain (henceforth referred to as the catalytic domain) and are partially shielded from solvent by the cap domain. The locations of the respective active sites in the two superfamily members E. coli AP (PBD code 1ALK) 44 ( Figure 2B ) and Xanthomonas axonopodis NPP (PDB code 2GSU) 45 ( Figure 2C ) are conserved. However, an interesting divergence in structure is observed for AP, which unlike the PAc hydrolase and NPP does not possess a cap domain to cover the active site of the catalytic domain.
Active Site. The PAc hydrolase active site contains two zinc ions, one of which ("Zn1") is coordinated to His206 (2.2 Å), His368 (2.2 Å), Asp202 (1.9 Å) and to one oxygen atom (1.8 Å) of the phosphonoformate ligand phosphoryl group (Figure 2A) . The second zinc ion ("Zn2") is coordinated to His242 (1.8 Å), Asp25 (1.8 Å), Asp241 (2.0 Å) and to Thr64 (1.6 Å). X. axonopodis NPP 45 and E. coli AP 44 coordinate their zinc ions using the same constellation of His, Asp, and Thr (Ser for AP) ligands ( Figure 2B , C). The two zinc ions of AP (4.0 Å apart) are located closer together than are the two zinc ions of NPP (4.3 Å apart) and PAc hydrolase (4.6 Å apart). Consequently, the phosphate molecule bound to AP coordinates to both zinc ions, whereas the phosphoryl group of the AMP molecule bound to NPP coordinates to only one zinc ion (Zn1), although the coordination to both zinc ions in the transition state has been proposed. 45 The substrate PAc was manually modeled in place of the phosphonoformate inhibitor in the PAc hydrolase active site. When the two phosphoryl groups are superimposed and the acetate group is overlaid with the phosphonoformate carboxylate group, the potential for steric clash with neighboring residues is evident. In the crystal structure, the phosphonoformate carboxylate group is positioned (at 2.7 Å) to engage in favorable electrostatic interaction with one of the two zinc ions (Zn2). We suspect that this interaction might direct the observed binding orientation of the carboxylate group. The model shown in Figure 3 retains the position of the phosphoryl group but directs the acetate group toward solvent. The orientation is consistent with the direction of the adenosine unit of the NPP-bound AMP ligand 45 and with the acetate group of the PAc ligand bound to AP (PDB code 1EW8). 46 The validity of this model was examined by carrying out the site-directed mutagenesis studies described in a later section. First however, we report the kinetic properties of the wild-type enzyme (vide infra).
PAc Hydrolase pH and Metal Ion Dependence. pH Dependence. The V m and V m /K m pH rate profiles for PAc hydrolasecatalyzed PAc hydrolysis were measured in order to determine the optimal pH range for catalysis (Figure 4) . The bell-shaped V m /K m pH rate profile defines a narrow optimal pH range centered at pH 7. Activity assays were therefore carried out at pH 7 and only when required by the coupling assay employed was a higher pH (pH 8) used. The pH rate profiles were fitted to eqs 3 or 4 to define apparent pK a values (see figure legend) for the ionization of essential groups. Owing to what we view to be the complexities associated with the interpretation of pH rate profiles, we have not attempted to assign the apparent pK a values to PAc hydrolase catalytic groups. ). PPyr and phosphonoproprionate proved to be PAc hydrolase competitive inhibitors (vs PAc at pH 7 and 30°C), both with a K i = 1.2 mM (Table 3) . Phosphonoformate was shown to be a considerably stronger competitive inhibitor (K i = 0.19 mM at 30°C and 0.049 mM at 25°C) ( Table 3 ). This tighter binding might however be attributable to the small size of the phosphonoformate, which as pointed out earlier allows it to bind with its carboxylate group favorably interacting with a zinc ion (Zn2) (Figure 2A) .
Next, PAc hydrolase was tested for hydrolytic activity toward substrates that are hydrolyzed by other members of the alkaline phosphatase superfamily, namely, AP, NPP, and arylsulfatase. PAc hydrolase catalyzed the hydrolysis of 2-phosphoglycerate and 3-phosphoglycerol but at a very slow rate (k cat ∼ 4 Â 10 À5 s
À1
). The turnover rate measured for these two substrates is 4 orders of magnitude lower than that measured for the native substrate, PAc ( In contrast, no activity was detected for PAc hydrolase. Lastly, pnitrophenylsulfate was tested as a substrate in order to access sulfatase activity. Only a very low level of activity was detected:
which is on par with that reported for X. axonopodis NPP:
PAc Hydrolase Catalytic Mechanism. Nucleophile. The alkaline phosphatase superfamily catalytic trait is nucleophilic catalysis, which for the phosphoryl transferases is mediated by a zinc ion (Zn2)-coordinated Ser (AP) 49 or Thr (NPP). 45, 50, 51 The PAc hydrolase Thr64, shown positioned for in-line attack of the PAc phosphoryl group in Figure 3 , is the likely nucleophile in PAc were fitted to eq 3 to define an apparent pK 1 and pK 2 of 7 ( 2. The V m pH rate data were fitted to eq 4 to define an apparent pK a = 6.4 ( 0.1.
Biochemistry ARTICLE hydrolase catalysis. In order to confirm the role of Thr64, the following set of experiments were conducted. First, the T64S, T64C, and T64A mutant enzymes were prepared and tested for catalytic activity toward PAc hydrolysis. The CD spectra (not shown) and chromatographic behavior of the PAc hydrolase mutants were observed to be consistent with those of the wildtype enzyme, which indicates that the amino acid replacements had not disrupted the native fold. All three mutants were found to possess no detectable activity (detection limit 1 Â 10 À7 s
), and thus the Thr64 was shown to be essential for PAc hydrolase catalysis (Table 4) . Replacement of the Thr132 nucleophile in the Triticum aestivum NPP with Ala or Ser similarly removed all detectable activity. 52 Second, 32 P-labeling of the enzyme via catalytic turnover of [γ-
32 P]ATP was tested with wild-type PAc hydrolase and the T64A mutant, in the presence and absence the inhibitor phosphonoformate ( Figure 5 ). ATP is a slow PAc hydrolase substrate ( Table 2 ). The reaction was carried out at pH 6 in order to retard the phosphoenzyme hydrolysis step, and thereby maximize the accumulation of the phosphorylated enzyme intermediate. The autoradiogram of the SDSÀPAGE gel of the chromatographed P-labeled and that the presence of saturating phosphonoformate precluded 32 P-labeling. This result shows that the autophosphorylation occurs at the active site. The T64A PAc hydrolase mutant was not 32 P-labeled. This observation shows that the T64 is required for the PAc hydrolase autophosphorylation. Earlier investigations of nucleophilic catalysis in mammalian NPPs showed, by kinetic analysis and by sequencing the 32 Plabeled proteolytic peptide fragment, that the Thr64 counterpart (Thr204 in bovine liver NPP and Thr210 in human autotaxin, a NPP) undergoes transient phosphorylation during catalytic turnover of [γ-32 P]ATP. 50, 51 By analogy, we assign Thr64 as the site of phosphorylation during PAc hydrolase catalyzed ATP turnover, and conclude that Thr64 performs the role of nucleophilic catalysis in PAc hydrolysis.
Substrate Activation. The phosphoryl group of the phosphonoformate ligand is coordinated to one of the two PAc hydrolase active site zinc ions (Zn1). We retained this interaction in creating the model for PAc binding shown in Figure 3 . The Asn85 side chain that is positioned across from the PAc phosphoryl group is close (6 Å), yet in this model it is not close enough for a hydrogen bond interaction. In order to reach the Asn85 side chain, the phosphoryl group would have to lose coordination to the zinc ion (Zn1). Other models were examined for the potential of an Asn85 hydrogen bond interaction with the PAc carboxylate group, while maintaining coordination of the phosphoryl group with the zinc ion and the correct positioning for in-line attack by the Thr64, but none was found to satisfy these requirements. An alignment of PAc hydrolase ortholog sequences (45% or above sequence identity) (Supporting Information, Figure 1) indicates that Asn85 is stringently conserved. The counterpart to the PAc hydrolase Asn85 in X. axonopodis NPP is Asn111 45 and in E. coli AP it is Arg186. 44 The side chains of both residues are engaged in a hydrogen bond interaction with the transferring phosphoryl 
wild-type 1.3 Â 10 group. The k cat /K m value for E. coli AP catalyzed hydrolysis of ethylphosphate is reduced 7000-fold in the R186S mutant; however, for hydrolysis of p-nitrophenylphosphate the k cat /K m value of the R186S mutant is reduced only 170-fold. 53 In the case of the Triticum aestivum NPP the impact of Ala replacement of Asn165 (counterpart to the X. axonopodis NPP Asn111) on catalytic efficiency is substrate dependent: for nicotinamide adenine dinucleotide and nucleoside triphosphate substrates the activity is reduced ∼10-fold, but for p-nitrophenylphosphate it is increased ∼100-fold. 52 The PAc hydrolase N85A mutant showed no significant catalytic activity toward PAc or PAld (Table 4) . On the other hand, whereas the k cat measured for p-nitrophenolphosphate hydrolysis was reduced, inexplicably so was the K m (100-fold) for a net 10-fold increase in the k cat /K m value (Table 4) . Although Asn85 contributes to catalysis, its role is not clear.
The side chains of stringently conserved PAc hydrolase residues Lys126 and Lys128 are located in the vicinity of the carboxylate group of the modeled PAc (Figure 3) . The ammonium group of Lys126 is within hydrogen bonding distance of the carboxylate oxygen atom. The conformation of the side chain of Lys128 observed in the structure of the PAc hydrolaseÀphosphonoformate complex can be modeled to place the ammonium group within hydrogen bond interaction distance of the PAc carboxylate group. Each Lys was separately replaced with Arg, Leu, and Ala and the kinetic properties of the site directed mutants were measured (Table 4 ). All three Lys126 mutants are inactive as catalysts of PAc or PAld hydrolysis, but each retained significant activity toward p-nitrophenylphosphate hydrolysis. The PAc hydrolase K128A and K128L mutants do not hydrolyze PAc, whereas the k cat /K m value for K128R mutant is 1000-fold lower than that of the wild-type enzyme. The three mutants do, however, retain activity toward catalysis of PAld hydrolysis. The k cat values for p-nitrophenylphosphate hydrolysis are similar to those measured for wild-type PAc hydrolase (Table 4) . Overall, the PAc hydrolysis reaction is most sensitive to Lys126 and Lys128 amino acid replacement, which is consistent with the need for two positively charged residues to stabilize the acicarboxylate dianion displaced by the Thr64.
The alkaline phosphatase enzyme superfamily member cofactor independent phosphoglycerate mutase utilizes a large, dynamic cap domain to bind the substrate glycerate unit as it closes over the catalytic domain. 41 The observation that PAc hydrolase and NPP both possess a cap domain (AP does not) (Figure 2 ) prompted us to probe the impact of the replacement of the PAc hydrolase cap domain residues that are directed toward the catalytic site, on catalytic efficiency. His285 and His286 were targeted because they maintain hydrogen bond forming potential, are stringently conserved among PAc hydrolase orthologs (Supporting Information, Figure 1 ), and are positioned over the substrate (Figure 3) . If the cap domain was to clamp down further on the catalytic domain one or both of the His residues might be positioned to favorably interact with the PAc carboxylate. However, Ala replacement of either His reduced the k cat by only an order of magnitude (Table 4 ). This small reduction does not support a direct role for His85 or His86 in catalysis. We therefore conclude that the snapshot of the cap and catalytic domains observed in the crystal structure represent the catalytically active form of the enzyme.
Proposed Model for Catalysis. The model that we propose for the PAc hydrolase catalytic mechanism is a variation on the mechanism of NPP catalysis proposed by Herschlag and coworkers, 45 which in turn is based on the NPP crystal structure 45 and on the large volume of work that has been carried out to define the catalytic mechanism of the E. coli AP. 47,49,53À56 The key difference between the chemical reactions catalyzed by PAc hydrolase and NPP/AP is the first step, which involves PÀC bond cleavage rather than PÀOR bond cleavage. It is on this step that we will focus our discussion.
The cleavage of the PÀOR bond catalyzed by AP and NPP occurs by attacking the catalytic Ser or Thr, respectively. The active form of the nucleophile is the alkoxide anion, which is stabilized and oriented by coordination to one of the two zinc ion cofactors (Zn2) (Figure 2B,C) . The phosphorus is activated for nucleophilic attack by interaction of its oxygen atoms with one or both of the zinc ions and with the properly positioned Arg (AP) or Asn (NPP) side chain. The stabilization of the alkoxide leaving group is necessary for the PÀOR bond cleavage in phosphate ester metabolites, and this role has been assigned to one of the two zinc ions (Zn2), which must form a coordination bond with the departing oxygen atom. The zinc ion cannot engage in such an interaction with the PAc methylene group. Therefore, an alternate strategy to leaving group stabilization in PAc hydrolase catalysis must exist. The leaving group is an aci-carboxylate dianion. Aci-carboxylate dianion intermediates are known to be formed and stabilized in the active sites of members of the enolase enzyme superfamily 57 and in the active sites of members of the isocitrate lyase/PEP mutase superfamily. 58 Enzymes from both these families use electropositive groups (metal ion cofactor and/or hydrogen bond donating amino acid residues) to delocalize charge via interaction with the carboxylate group of acicarboxylate dianion. The best candidates for this role in PAc hydrolase are the respective ammonium groups of Lys126 and Lys128. Thus, the proposed model for the PAc hydrolase substrate complex (Scheme 3) incorporates the coordination of the substrate phosphoryl group to one zinc ion (Zn1), the coordination of the Thr64 nucleophile to the other zinc ion (Zn2), and the hydrogen bond interactions of the PAc carboxylate group with the Lys126 and Lys128 side chains.
It is interesting to contrast the catalytic strategy used by phosphonatase to catalyze PÀC bond cleavage in PAld (Scheme 2) with the catalytic strategy depicted in Scheme 3 for the PAc hydrolase. Because PAc hydrolase also catalyzes PAld hydrolysis, albeit less efficiently than PAc hydrolysis (Table 2) , in effect PAld hydrolase activity has evolved within the catalytic scaffold of the alkaline phosphatase enzyme superfamily in addition to evolving within the catalytic scaffold of the HAD enzyme superfamily. The CdO of PAld can in principle engage one of the PAc hydrolase active site Lys side chains in hydrogen bond formation for stabilization of the enolate anion formed with PÀC bond cleavage. The PAld hydrolase activity of PAc hydrolase is considerably less than that of phosphonatase 18 
) and although interesting from an evolution-mechanism perspective, this activity is not expected to be of biological significance.
PAc Hydrolase Biological Range and Function. To gain insight into the metabolic function of PAc hydrolase, we first carried out a BLAST search of the bacterial genomes deposited in NCBI, using the P. fluorescens 23F PAc hydrolase amino acid sequence as a query, to identify bacteria that produce PAc hydrolase. In this manner, we were able to trace the biological range of PAc hydrolase within the bacterial species represented in the NCBI genome bank. The sequence identity boundary separating orthologs from paralogs was well defined (>45% vs <30%). Interestingly, PAc hydrolase was found only in Biochemistry ARTICLE Proteobacteria. Within the beta subdivision, Bordetella, Burkholderia, Cupriavidus, Ralstonia, Alicycliphilus, Polaromonas, and Verminephrobacter species possess orthologs that share 50À85% sequence identity with the P. fluorescens 23F enzyme. Within the alpha subdivision Mesorhizobium, Oligotropha, Rhodobacterales, Rhodopseudomonas, Roseovarius, Thalassiobium, Agrobacterium, and Sinorhizobium species possess orthologs that share 55À46% sequence identity with the P. fluorescens 23F enzyme. In the delta subdivision Sorangium, Pseudomonadaceae, and Azotobacter are the only representatives found to contain a PAc hydrolase ortholog (47% sequence identity).
Next, we searched among the annotated genomes for PAc hydrolase gene neighbors that might encode proteins that function in the synthesis or breakdown of PAc. We discovered gene clusters in the genomes of Sinorhizobium medicae and meliloti that encode AEP transaminase, PAc hydrolase, and an aldehyde dehydrogenase. In numerous Burkholderia species, the genes annotated AEP transporter, PAc hydrolase and PAld dehydrogenase are juxtaposed. Together these enzymes might form the components of a novel AEP transport and degradation pathway, as is illustrated in Scheme 1. A BLAST of the genomes of the PAc hydrolase containing bacteria using AEP transaminase and the putative PAld dehydrogenase sequences as queries confirmed that all three of the pathway genes are present. The spotty distribution of the PAc hydrolase gene among the various subdivisions of Proteobacteria is suggestive of its distribution by lateral gene transfer. 59 This is also indicated by the colocation of a putative transposon as was observed for a few of the inspected genomes. If clustered together, all three of the pathway genes might efficiently be transferred by a single mobile genetic element.
A brief check was made to determine if the phosphonatase gene is present in the genomes of the bacteria that harbor the PAc hydrolase gene. With only a few exceptions (Burkholderia graminus being one) it is not. A BLAST search of the NCBI genome bank using the phosphonatase sequence as query identifies phosphonatase in a wide range of Gram-negative and Gram-positive bacteria. This suggests that the AEP degradation pathway that proceeds via PÀC cleavage in PAld appears to be more widespread than that which proceeds via PÀC bond cleavage in PAc (Scheme 1).
Conclusion. Of the known members of the alkaline phosphatase enzyme superfamily, the PAc hydrolase tertiary structure and active site structure most closely resemble those of the NPP. However, the lack of significant sequence identity between the PAc hydrolase and NPP (∼15%) compared to relatively high sequence identity between PAc hydrolase orthologs (>45%) suggests early divergence within this lineage of the alkaline phosphate enzyme superfamily. Nevertheless, two basic elements of catalysis, namely, activation of the substrate phosphoryl group by zinc ion coordination and nucleophilic attack by a zinc ion activated Thr, are conserved (Scheme 3). Whereas the active site Asn that binds the substrate phosphoryl group in NPP is also present in PAc hydrolase, it does not appear to participate in PAc binding. In NPP, a zinc ion stabilizes the oxygen anion leaving group, whereas in PAc hydrolase, the carbanion leaving group is stabilized by delocalization to the carboxylate oxygen atoms and hence to the charged Lys residues (Scheme 3).
' ASSOCIATED CONTENT b S Supporting Information. Figure SI1 , the multiple alignment of phosphonoacetate hydrolase amino acid sequences. This material is available free of charge via the Internet at http://pubs. acs.org.
Accession Codes
The coordinates for the X-ray crystal structure of phosphonoacetate hydrolase bound with phosphonoformate and two zinc ions are deposited in the protein database under the ID code 1EI6. 
